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SPECIFICATION 



ELECTRODE, METHOD FOR MANUFACTURING THE SAME AND 
SEMICONDUCTOR DEVICE USING THE SAME 

5 

Technical Field 

The present invention relates to an electrode, a method for 
manufacturing the same, and a semiconductor device using the same. 

10 Background Art 

In a conventional semiconductor device having an HJFET (hetero 
junction field effect transistor) of an AIGaN/GaN structure, in general, an 
electrode of a Ti/AI structure has been used as an ohmic electrode (see, for 
example. Patent Document 1). 

15 However, in the electrode formed of the Ti/AI structure alone, if heat 

treatment is performed at a temperature greater than a melting point (SSO^C) 
of Al to reduce the contact resistance of the electrode, the surface coating 
ratio of an electrode material to a semiconductor film decreases due to the 
surface tension of the molten Al. As a result, realization of a low contact 

2 0 resistance tends to be difficult. 

To overcome this problem, it has been reported to use an electrode 
having a Ti/AI/Mo/Au structure where the surface of Al is coated with Mo 
(see, for example, Non-Patent Document 1). In the electrode having a 
Ti/AI/Mo/Au structure, since the coating ratio of a semiconductor film to an 

2 5 electrode material is not reduced even if a heat treatment is performed at a 
temperature of equal or greater than SOO^C exceeding the melting point of 



Al, the low resistance can be realized compared to the electrode having a 
Ti/AI structure. 

Patent Document 1 : Japanese Patent Laid-Open No. 7-248204 
Non-Patent Document 1 : Kumar et aL, Journal of Applied Physics, 
Vol. 92, No. 3, p. 1712 

Disclosure of the Invention 

Problems to be Solved by the Invention 

However, when the electrode of a Ti/AI/Mo/Au structure is treated with 
heat at a temperature exceeding the melting point (about 660^C) of Al, the 
surface coating ratio of an electrode material to a semiconductor film does 
not decrease; however, the surface of the electrode becomes rough. 
Therefore, when a semiconductor device having a fine electrode pattern is 
formed, characteristics desired for the semiconductor device when designed 
tend not to obtain as the interval between electrodes decreases. Thus, a 
further Improvement has been desired. 

It turns out that the roughness of the electrode surface becomes more 
apparent when the heat treatment Is performed at a temperature exceeding 
700*^0. 

The present invention was attained in view of the aforementioned 
problems and directed to provide a technology for obtaining an electrode 
having a low contact resistance and less surface roughness. 

Means for Solving the Problems 

According to the present invention, there is provided an electrode 
comprises at least a first metal and a second metal comprising; wherein the 



electrode is formed on a semiconductor film which formed on a substrate, 
and a first metal layer and a second metal layer sequentially formed on the 
semiconductor film in this order, and the electrode in ohmic contact with the 
semiconductor film with heat treatment at a temperature equal 40^*0 or more 
5 greater than the melting point of Al; wherein a first metal material formed the 
first metal layer is comprised of Al, and a eutectic alloy formed of the first 
metal material and a second metal material forming the second metal film 
has a melting point equal or greater than the temperature of the heat 
treatment, and an alloy of the second metal material and Al starts to be 

10 formed at a temperature equal or greater than the melting point of Al. 

According to the present invention, there is provided a method for 
manufacturing an electrode formed on a semiconductor film, comprising the 
steps of: forming a first metal film on the semiconductor film; forming a 
second metal film; and treating the first metal film and the first metal film with 

15 heat at a temperature 40°C or more greater than the melting point of Al, 
characterized in that a eutectic alloy formed of the first metal film and the 
second metal film has a melting point greater than the temperature of the 
heat treatment step and the second metal material does not form an alloy 
with Al at a temperate equal or less than the melting point of Al. 

20 

Advantages of the Invention 

According to the present invention, it is possible to realize an 
electrode formed on a semiconductor film, having a low contact resistance 
and an extremely flat surface. 

25 

Brief Description of the Drawings 
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Figure 1 is a sectional view partly showing the structure of an 
electrode according to an embodiment of the present invention; 

Figure 2 is a sectional view partly showing the structure of an 
electrode according to an embodiment of the present invention; 
5 Figure 3 is a sectional view partly showing the structure of an 

electrode according to an embodiment of the present invention; 

Figure 4 is a sectional view partly showing the structure of an 
electrode according to an embodiment of the present invention; 

Figure 5 is a sectional view partly showing the structure of a 
10 semiconductor device according to an embodiment of the present invention; 

Figure 6 shows photographs taken by an optical microscope showing 
the surface of an electrode provided by the present invention in comparison 
with that of an electrode provided by conventional technology; 

Figure 7 is a phase diagram of an Fe-AI binary alloy; 
15 Figure 8 is a phase diagram of an Nb-AI binary alloy; and 

Figure 9 is a phase diagram of an Al-Mo binary alloy. 



Description of Symbols 



101 


Semiconductor film 


20 102 


First metal film 


103 


Second metal film 


201 


Semiconductor film 


202 


Intermediate metal film 


203 


First metal film 


25 204 


Second metal film 


301 


Semiconductor film 



4 





302 


First metal film 




303 


Second metal film 




304 


Third metal film 




401 


Semiconductor film 


5 


402 


Intermediate metal film 




403 


First metal film 




404 


Second metal film 




405 


Third metal film 




501 


Sic substrate 


10 


502 


AIN buffer layer 




ovJo 


v;3aiN carrier mig ration 




504 


AIGaN carrier supply layer 




505 


Source electrode 




506 


Drain electrode 


15 


507 


Gate electrode 



Best Mode for Carrying Out the Invention 

The present inventors conducted studies with a view to attaining 
embodiments of the invention. The present inventors found that the rough 

20 surface of an electrode having a Ti/AI/Mo/Au structure (disclosed in Non- 
Patent Document 1 ) is caused by a eutectic alloy resulting from the reaction 
of Mo with molten Al. Then, the present inventors formed a first metal film 
on a semiconductor film and further a second metal film is formed thereon 
and thereafter the first metal film was treated with heat at a molten 

25 temperature not more than the melting point of the first metal film. At this 
time, they found, if the molten temperature Is greater than the melting point 
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of a eutectic alloy formed of the first metal film and the second metal film, an 
electrode having not only a low contact resistance but also en extremely flat 
surface can be obtained, without rarely developing a solid solution or a 
eutectic alloy of the first metal film and the second metal film at the time of 
5 the heat treatment. Based on the findings, they arrived at the present 
invention. 

According to the preset invention, there is provided electrode 
comprises at least a first metal layer and a second metal layer comprising; 
wherein the electrode is formed on a semiconductor film which formed on a 

10 substrate, and the first metal layer and the second metal layer sequentially 
formed on the semiconductor film in this order, and the electrode in ohmic 
contact with the semiconductor film with heat treatment at a temperature 
equal 40°C or more greater than the melting point of Al; wherein a first metal 
material formed the first metal layer is comprised of Al, and a eutectic alloy 

15 formed of the first metal material and a second metal material forming the 
second metal layer has a melting point equal or greater than the temperature 
of the heat treatment, and an alloy of the second metal material and Al starts 
to be formed at a temperature equal or greater than the melting point of Al. 
An alloy of the second metal material and Al starts to be formed at a 

2 0 temperature is preferably equal or greater than the heat treatment 
temperature. 

An alloy of the second metal material and Al starts to be formed at a 
temperature preferably equal or greater than the melting point of Al, and an 
alloy of the second metal material and Al starts to be formed at a 
25 temperature more preferably equal or greater than the heat treatment 
temperature. 
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This is because the melting point of a eutectic alloy formed of Ti and 
Al is as high as 1 ,400°C; however Ti and Al tend to start forming of an alloy 
at a temperature of about 300*^0, which is lower than the melting point of AL 
Formation of such a metal material solid solution or a eutectic alloy initiates 
5 and progresses at a relatively low temperature at which Al does not yet melt. 
Thus, the metal material is not suitable as the second metal material of the 
present invention. 

The initiation temperature for forming an alloy is preferable equal or 
greater than the melting point of Al, and more preferably, greater than the 
1 0 temperature of heat treatment. 

The second metal layer is preferably comprises at least one metal 
selected from the group consisting of Nb, W, Fe, Hf , Re, Ta and Zr. 

As the first metal layer, a metal capable of easily being in the ohmic 
contact with the semiconductor film and having a relatively low melting point 
15 is preferably used, and generally Al is employed. 

Over the upper surface of the first metal layer comprises Al, the 
second metal layer is formed, which comprises a metal material that hardly 
develops into a eutectic alloy with Al even at a temperature of heat treatment 
equal or greater than the melting point of Al, in other wqrds, which is made of 
20 a metal material that develops into a eutectic alloy with Al contained in a 
maximum content at a temperature greater than the temperature of heat 
treatment. Therefore, the first metal layer and the second metal layer are 
rarely developed into a solid solution or a eutectic alloy during the heat 
treatment. As a result, it is possible to effectively form an electrode having 
25 an extremely flat surface even if contact resistance is lowered by performing 
heat treatment at a high temperature. 
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According to the present invention, there is provided a semiconductor 
device having a semiconductor film and an electrode formed on the 
semiconductor film In which the electrode is identical to that mentioned 
above. 

5 According to the present invention, since an electrode having the 

aforementioned structure is formed in the semiconductor device, the 
electrode attains en extremely flat surface simultaneously with a low contact 
resistance in the same manner as mentioned above. As a result, it is 
possible to effectively manufacture a semiconductor device having a fine 

10 electrode pattern more accurately formed. 

In the foregoing, the structures of the present invention have been 
described. It is also effective to arbitrarily combine these structures as 
embodiments of the present invention. Furthermore, the embodiments of the 
present invention may be modified and arbitrarily applied to another 

15 category. 

The embodiments of the present Invention will be now described in 
more detail with the reference with the accompanying drawings, below. Note 
that like reference numerals are used to designate like structural elements in 
all drawings and any further explanation is omitted for brevity's sake. 
2 0 <Embodiment 1 > 

Figure 1 is a sectional view of a structure of an electrode provided by 
this embodiment. 

The electrode provided by the embodiment is obtained by forming, on 
a Group III nitride semiconductor film 101 , a first metal film 102 and a 
25 second metal film 103, and is patterned by a method such as lift-off, followed 
by performing heat treatment at a temperature equal or greater than the 



melting point of AL 

As the Group III nitride semiconductor film 101 according to this 
embodiment, use may be comprised of a semiconductor film comprising 
GaN, AIN, InN and a mixture thereof as a main component. As the first 
5 metal film 120, a metal film comprised Al may be used. As the second metal 
film 1 03, it is preferable to choose a metal that forms a eutectic alloy with Al 
serving as a main component of the first metal film 102 and the melting point 
of the eutectic alloy is relatively greater than a temperature of a heat 
treatment for reducing contact resistance, thereby bringing Al into ohmic 

10 contact with the semiconductor film. If the melting point of the eutectic alloy 
comprises the metal and Al is greater than the temperature of the heat 
treatment, the metal rarely forms an alloy with Al when the heat treatment is 
performed at a temperature equal or greater than the melting point of Al. 

A metal film may be preferably comprises at least one metal selected 

15 from the group comprising Nb, W, Fe, Hf, Re, Ta and Zr. Each of the metals 
is capable of forming a eutectic alloy with Al in a relatively low Al content and 
having a melting point or a temperature for causing a phase change, which is 
sufficiently greater than the temperature of the heat treatment. 

In the specification of the present Invention, the term "the metal film 

20 comprises a specific metal" may be a metal film comprises a specific metal 
alone or an alloy comprises a specific metal and another metal. 
Furthermore, the metal film may comprise impurities If it is a small amount. 

In the electrode provided by the embodiment, since the surface of the 
first metal film comprised Al Is covered with the second metal film comprises 

25 a metal rarely comprising a eutectic alloy with Al at a heat treatment 
temperature greater by 40''C or more than the melting point of Al, the 
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material for the second metal film rarely reacts with molten Al to form a 
eutectic alloy. Thus, an electrode having a low contact resistance and a flat 
surface can be obtained. 

Figure 7 is a phase diagram of a well-known Fe-AI binary alloy. 

For example, when a second metal film comprising Fe is used, what is 
a Fe-AI eutectic alloy having the highest Al content is FeAb. Since the 
melting point of this alloy or the temperature at which the alloy causes phase 
change is 1 ,160''C, Fe is hardly melted into molten Al solution when the heat 
treatment is performed at 900°C. In addition, the reaction toward an alloy 
having a lower Al content such as Fe2Al5 rarely proceeds. Therefore, 
penetration of Al into the second metal film formed of Fe hardly proceeds, 
meaning that Al rarely forms an alloy with Al. 

To explain more specifically, if the melting point or phase-change 
temperature of the eutectic alloy having the highest Al content among the Al- 
Fe eutectic alloys initially formed at the interface between the molten Al and 
iron (Fe) is sufficiently greater than the temperature of the heat treatment for 
melting Al, the Al-Fe alloy thus formed serves as a barrier, the reaction 
between Fe and Al is conceivably not to proceed any more. 

As a result, at the interface between the first metal film and the 
second metal film, an extremely thin layer (about 1 to 3 nm) of an alloy 
between Al comprising the first metal film and Fe comprising the second 
metal film is formed. The extremely thin Al-Fe alloy layer serves as a barrier 
layer for preventing Al constituting the first metal film from melting Into the 
second metal film. As a result, when the second metal film formed of Fe is 
used, an electrode having an extremely flat surface can be obtained. 

Figure 8 is a phase diagram of well-known Nb-AI binary alloy. 
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For another example, when a second metal film formed of niobium 
(Nb) is used, what is an Nb-AI eutectic alloy having the highest Al content is 
NbAl3. The melting point or the phase-change temperature of the alloy is 
1 ,660°C, which is sufficiently greater than the melting point of Al. 
5 As a result, when Nb is used as the second metal film, an electrode 

having an extremely flat surface can be obtained since Nb functions in the 
same manner as in Fe. 

Actually, when the second metal film formed of Nb is used, if the 
semiconductor film is an AIGaN semiconductor film, an electrode having a 

10 contact resistance as low as 1 x 10"^ Qcm^ or less can be obtained as a 

result of heat treatment performed in a wide range of 830*'C to 1 ,000°C (both 
inclusive). As is more specifically described later, an electrode having an 
extremely flat surface can be obtained as shown in Figure 6. 

Although the phase diagram is now shown, in the cases of W, Hf , Re, 

15 Ta and Zr, whose eutectic alloys with Al (at the highest Al content) has a 
melting point and phase-change temperature, which is sufficiently greater 
than the melting point of Al. Even if they are treated at a temperature of the 
melting point of Al or a heat treatment temperature of 800 to 950*^0 (both 
inclusive), the formation of an alloy with Al did not proceed. 

20 Therefore, when a second metal film comprisise at least one metal 

selected from the group consisting of W, Hf, Re, Ta and Zr is used, an 
electrode having an extremely flat surface can be obtained since they 
functions in the same manner as mentioned above. 

Al and a metal such as Nb, W, Fe, Hf , Re, Ta and Zr form an alloy 

25 layer at the interface thereof at a heat treatment temperature; however, the 
alloy layer does not develop into a solid solution or a eutectic alloy with Al 
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and serves as a barrier for preventing formation of a solid solution or a 
eutectio alloy with Al. 

In contrast, In a combination of Tl and Al, the melting point of a Ti-AI 
eutectic alloy is as high as 1 ,400*^0; however, the alloy formation tends to 
5 start at a temperature of about SOC'C, which is lower than the melting point 
of AL The alloy formation proceeds even at a temperature at which Al is not 
melted, while keeping a solid phase. Therefore, Ti is not suitably used as 
the second metal film. On the other hand, in combinations of Fe and Nb with 
Al, the alloy formation in a solid phase is rarely observed. 
10 The melting point of Ti-AI eutectic alloy is as high as 1 ,400^0; 

however, development of the eutectic alloy into a solid solution or a eutectic 
alloy proceeds (in other words, development into an alloy is initiated) at a 
temperature as low as 300°C, which is not greater than the melting point of 
the eutectic alloy. 

15 Figure 9 is a phase diagram of well-known Al-Mo binary alloy. 

On the other hand, when a second metal film comprising molybdenum 
(Mo) is used, what is a eutectic Al-Mo alloy having the highest Al content is 
found to be AI12M0. Since the melting point of the alloy or the temperature at 
which the alloy causes a phase change into AI5M0 is 700''C, even if AI12M0 is 

20 once formed at the interface, it hardly serves as a barrier. When heat 

treatment is performed at 800°C, the reaction converts AI12M0 through AI5M0 
into AI4M0. As a result, Al molten solution is easily melted into the interior of 
Mo and the interior part of the second metal film formed of Mo develops 
(started development) into an alloy. 

25 The electrode provided by the embodiment is preferably in an ohmic 

contact with the semiconductor film. 
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In the electrode, since the surface of a first metal film comprising Al is 
covered with a second metal film comprises a metal, which is hardly 
developing Into a eutectic alloy even at a heat treatment temperature greater 
by 40°C or more than the melting point of Al, an electrode in ohmic contact 
5 with the semiconductor film in which contact resistance is low, can be 
provided without decreasing a surface coating ratio of the electrode metal 
material to the semiconductor film at the time of heat treatment. 
<Embodiment 2> 

Figure 2 is a sectional view showing the structure of an electrode 

10 provided by this embodiment. 

The electrode provided by the embodiment is obtained by fornilng, on 
a Group III nitride semiconductor film 201 , an intermediate metal film 202 of 
a metal having a melting point greater than that of Al, a first metal film 203, 
and a second metal film 204, and by patterning a method such as lift-off, 

15 followed by performing heat treatment at a temperature equal or greater than 
the melting point of Al. 

As the Group III nitride semiconductor film 201 , use may be made of a 
semiconductor film comprising GaN, AIN, InN and a mixture thereof as a 
main component. As the intermediate metal film 202 comprises a metal 

20 having a melting point greater than that of Al. The metal comprises at least 
one metal selected from the group consisting of Tl, Nb, V, W, Ta, Re, Mo, 
Mn, Pt, Pd, Rh, Y and Zr. As the first metal film 203, for example, Al, may be 
used. As the second metal film 204, use may be comprise at least one 
metal selected from the group consisting of Nb, W, Fe, Hf, Re, Ta and Zr. 

25 Alternatively, in the electrode provided by the embodiment, part or 

whole of the first metal film 203 niay be formed of an alloy formed of the first 



13 



metal material and the intermediate metal material (not shown in the figure) 
in place of providing the intermediate metal film. 

When Ti is selected as the intermediate metal material, part or whole 
of the first metal film may sometimes develops into a eutectic alloy or solid 
5 solution alloy with the intermediate metal material depending upon the 
conditions such as heat treatment (herein sometimes referred to as 
"annealing") conditions (mainly temperature and time), and the thicknesses 
of the first metal layer and the intermediate metal layer before heat 
treatment. When an alloy is formed in this manner, the first metal material 

10 and the intermediate metal material, as a whole, tend to be in ohmic contact 
with the semiconductor film. 

In either structure, thus the ohmic contact with the semiconductor film 
can be attained with a good reproducibility by constituting a region formed of 
the intermediate metal film or an alloy with the intermediate metal film in this 

15 manner. 

In the embodiment, the intermediate metal material to be used in the 
electrode is preferably formed of at least one metal selected from the group 
consisting of Ti, Nb, V, W, Ta, Re, Mo, Mn, R, Pd, Rh, Y and Zr. 

These metals each have a melting point greater than the melting point 
20 of Al and a characteristic of stably being in ohmic contact with the Group III 
nitride semiconductor film. Therefore, when the metal film formed of such an 
intermediate metal material is interposed between the Group III nitride 
semiconductor film and the metal film comprises the first metal material and 
treated with heat, further excellent ohmic contact with the semiconductor film 
25 can be attained. 

More specifically, mention may be preferably made of a structure 



formed of the intermediate metal material comprises not less than one metal 
selected from the group consisting of Ti and Nb and the second metal 
material formed of Nb. 

In the case of such a structure, since Ti and Nb each have a melting 
5 point greater than the melting point of Al, and Nb is a metal hardly 

developing into a eutectic alloy with Al at a heat treatment temperature equal 
or greater than the melting point of Al, more excellent ohmic contact can be 
attained by performing heat treatment after interposing such a metal film 
formed of the intermediate metal material between the semiconductor film 

10 and the metal film formed of the first metal material. 
<Embodiment 3> 

Figure 3 is a sectional view showing the structure of an electrode 
provided by this embodiment. 

The electrode provided by the embodiment is obtained by forming, on 

15 a Group III nitride semiconductor film 301 , a first metal film 302, a second 
metal film 303 and a third metal film 304 formed of a metal having a melting 
point greater than that of Al, and patterning the resultant structure by a 
method such as lift-off, followed by performing heat treatment at a 
temperature equal or greater than the melting point of Al. 

20 As the Group III nitride semiconductor film 301 , use may be made of a 

semiconductor film comprising GaN, AIN, InN and a mixture thereof as a 
main component. As the first metal film 302, a metal film formed of Al or an 
Al alloy may be used. As the second metal film 303, use may be made of at 
least one metal selected from the group consisting of Nb, W, Fe, Hf, Re, Ta 

25 and Zr. Similarly, as the third metal film 304 formed of a metal having a 

melting point greater than that of Al, use may be made of at least one metal 



selected from the group consisting of Cu, Ti, V, W, Ta, Re, Mo, Pt, Pd, Rh, 
Au and Zr, for example. 

The surface of the second metal film can be protected by further 
providing the third metal film formed of a metal having a melting point greater 
5 than that of A! on the second metal film, thereby reducing resistance working 
in the parallel direction to the electrode surface. 

The third metal material used herein is preferably an alloy formed of 
one metal or at least one metal selected from the group consisting of Cu, Ti, 
V, W, Ta, Re, Mo, Pt, Pd, Rh, Au and Zr. 
10 These metals each have a melting point greater than that of Al and a 

nature of preventing oxidation of the second metal film. Therefore, they can 
protect the surface of the second metal film and reduce the resistance 
working in the parallel direction to the electrode surface. 

More specifically, mention may be preferably made of a structure 
15 where the second metal material contains an Nb alloy and the third metal 
material is formed of Au. 

This structure is preferable. This is because Nb, which is a metal 
hardly developing into a eutectic alloy with Al even at a heat treatment 
temperature equal or greater than the melting point of Al, rarely reacting with 
20 molten Al to form a eutectic alloy, with the result that an electrode having a 
low contact resistance and a flat surface can be obtained, and further 
because Au, which is a metal having a melting point greater than that of Al, 
can protect the surface of the second metal film and reduce the resistance in 
the parallel direction to the electrode surface. 
2 5 <Embodiment 4> 

Figure 4 is a sectional view showing the structure of an electrode 
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provided by this embodiment. 

The electrode provided by the embodiment is obtained by forming, on 
a GaN-based semiconductor film 401 , an intermediate metal film 402 
comprising a metal having a melting point greater than that of Al, a first metal 
5 film 403, a second metal film 404, and a metal film 405 comprises a metal 
having a melting point greater than that of Al, and patterning by a method 
such as lift-off, followed by performing heat treatment at a temperature equal 
or greater than the melting point of Al. 

As the GaN-based semiconductor film 401 , use may comprise a 

10 semiconductor containing GaN, AIN, InN and a mixture thereof as a main 
component. As the intermediate metal film 402 comprises a metal having a 
melting point greater than that of Al, a metal film comprises at least one 
metal selected from the group consisting of Ti, Nb, V, W, Ta, Re, Mo, Mn, Pt, 
Pd, Rh and Zr. As the first metal film 403, a metal film formed of Al or an Al 

15 alloy may be used. As the second metal film 404, use may comprises at 
least one metal sielected from the group consisting of Nb, W, Fe, Hf, Re, Ta 
and Zr. As the metal film 405 comprises a metal having a melting point 
greater than that of Al, use may comprises at least one metal selected from 
the group consisting of Cu, Ti, V, W, Ta, Re, Mo, R, Pd, Rh, Au and Zr, 

20 This structure is preferable. This is because an electrode having a 

low contact resistance and a flat surface can be obtained and the ohmic 
contact with the semiconductor film can be attained with a good 
reproducibility and further because the surface of the second metal film can 
be protected and the resistance working in the parallel direction to the 

25 electrode surface can be reduced. 
<Embodiment 5> 
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Figure 5 is a sectional view showing the structure of a semiconductor 
device provided by this embodiment. 

The semiconductor device provided by the embodiment has a 
semiconductor film (for example, AIGaN carrier supply layer 504) and an 
5 electrode formed on the semiconductor film (for example, a source electrode 
505 and a drain electrode 506). The electrode mentioned above is 
employed as the electrode herein. 

As described above, the semiconductor device provided by the 
invention has an electrode having a low contact resistance and a flat surface. 
10 Therefore in the semiconductor device of the invention, a fine electrode 
pattern can be easily and effectively formed. In forming a semiconductor 
device provided by the invention, an ohmic electrode and an alignment mark 
can be simultaneously formed. Thus, the number of manufacturing steps 
can be reduced and a fine pattern can be accurately formed. 
15 The embodiments of the present invention have been described with 

reference to the drawings. Examples of the invention are described In these 
embodiments. Other than those mentioned above, various structures can be 
employed. 

Examples of the Group III nitride semiconductor used in the 
20 aforementioned embodiments include, but not limited to, a material 
represented by the following formula (1): 

lnxAlyGai.x.yN... (1) 
wherein x and y are actual numbers satisfying the following conditions: 
0^x^1,0<y<1, and 0 < x + y < 1 
25 More specifically, use may be made of a semiconductor film formed of 

a material such as AIN, GaN or AIGaN. Other than the materials 
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represented by the formula (1), a semiconductor film formed of a so-called 
mixed crystal such as GalnNAs, GaNP, GaNPAs or AINSiC can be used. 
These semiconductors are collectively called as Group III nitride 
semiconductors. 

5 Such a Group III nitride semiconductor material has a sufficiently large 

bad gap and an interband transition is direct transition. The Group III nitride 
semiconductor material can be applied to a short wavelength light-emitting 
device. Furthermore, since the Group III nitride semiconductor material has 
a high saturation drift speed of electrons and can use a secondary carrier 
10 gas due to hetero conjunction, it can be applied to electron devices. 
Examples 

The present invention will be described in more detail with the 
reference to Examples; which should not be construed as limiting the present 
invention. 
15 <Example1> 

Figure 1 is a sectional view showing the structure of an electrode 
provided by this Example. 
[0080] 

The electrode provided by the Example was formed by depositing an 
20 AIGaN film (composition ratio of Al: 0.3) as the Group ill nitride 

" semiconductor film 101 , an Al film (film thickness: 60 nm) as the first metal 
film 102, and an Nb film (film thickness: 35 nm) as the second metal film 103 
by sputtering, performing patterning by a method such as lift-off, and 
thereafter treating with heat at 900^C. 
25 In such an electrode structure, since the surface of the Al film is 

covered with the Nb film, an electrode having a contact resistance as low as 



19 



5x10'® Qcm^ or less can be obtained without reducing a coating ratio of the 
electrode material to the semiconductor film. At the same time, since the Nb 
film is rarely reacted with the Al film at QSO'^C, an extremely flat electrode 
surface can be obtained. It is possible to use an alignment mark for 
5 detecting a position by an optical sensor. 

In the Example, an Al film was used as the first metal film. The first 
metal film may be a metal film formed of a mixture of Al and other metal(s). 
For example, Si or N may be added thereto. Note that as the content of Al 
decreases, the contact resistance tends to increase. Therefore, Al may be 

10 preferably used as a main component 

In the case where a film (35 nm) of an Nb-Fe alloy was formed of Nb 
and Fe as the second metal film by the electron gun deposition method, the 
same results as in the Nb film were obtained. As a result, it may be possible 
to use a metal film formed of an alloy of at least one metal selected from the 

15 group consisting of Nb, W, Fe, Hf, Re, Ta and Zr. Furthermore, the same 
results were obtained in the case of an Nb-Fe alloy containing Mo in a small 
amount (not more than 5 % by weight). 

Also in the Example, although the thickness of the first metal film 102 
formed of Al was set at 60 nm and the Nb film 103 was set at 35 nm, the 

20 thicknesses of the Al film and Nb film can be set as desired. However, as 
the thickness of the Nb film reduces, the surface morpholgy shape of the 
electrode may possibly deteriorate because strength is reduced in some 
cases. To reduce the possibility of surface morpholgy deterioration, the 
thickness of the Nb film may be equal 10 nm or more. 

25 In the Example, the composition ratio of Al in the AIGaN film was set 

at 0.3; however it may be set as desired. 
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Furthermore, in the Example, the metal films were formed by 
sputtering deposition; however they may be stacked by the electron gun 
deposition method or the like. 

Moreover, in the Example, the temperature of the heat treatment was 
5 set at 900°C; however, any temperature may be used as the heat treatment 
temperature as long as it exceeds the melting point of Al. However, as the 
heat treatment temperature increases, the contact resistance tends to 
decrease. For this reason, the heat treatment may be performed at SOO'^C or 
more. 

10 When another metal film is newly stacked after the heat treatment, a 

metal film having a desired metal composition and thickness may be stacked 
in accordance with the purpose. 
<Example 2> 

Figure 2 is a sectional view showing the structure of an electrode 
15 provided by this Example. 

The electrode provided by the Example was formed by depositing an 
AIGaN film (composition ratio of Al: 0.3) as the GaN based semiconductor 
film 201 , an Nb film (film thickness: 5 nm) as the intermediate metal film 202 
formed of a metal having a melting point greater than the melting point of Al, 
20 an Al film 203 (film thickness: 70 nm) as the first metal film, and an Nb film 
(film thickness: 20 nm) as the second metal film 204 by the electron gun 
deposition method, performing patterning by a method such as lift-off, and 
thereafter, treating the resultant structure with heat at SSO^'C. 

In such an electrode structure, since the surface of the Al film is 
25 covered with the Nb film, an electrode having a contact resistance as low as 
5x10'^ Qcm^ or less can be obtained without reducing a coating ratio of the 
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electrode material to the semiconductor film. At the same time, since the Nb 
film is rarely reacted with the Al film at 850°C, an extremely flat electrode 
surface can be obtained. It is possible to use an alignment mark for 
detecting a position by an optical sensor. 
5 Note that, in this Example, the Nb film was used as the intermediate 

metal film 202 formed of a metal having a melting point greater than the 
melting point of Al; however, a metal film comprises at least one metal 
selected from the group consisting of Tl, Nb, V, W, Ta, Re, Mo, Mn, Pt, Pd, 
Rh, Y and Zr may be used in place of the Nb film. 

10 Furthermore, the thickness of the Nb film was set at 5 nm; however, 

the thickness of the intermediate metal film 202 formed of a metal having a 
melting point greater than the melting point of Al may be set at the thickness 
as desired. However, if a metal capable of reacting with Al during the heat 
treatment is used, Al comprised in the first metal film 203 may be possibly all 

15 used up in the reaction with the intermediate metal film 202 comprising a 
metal having a melting point greater than the melting point of Al. To reduce 
such a possibility, the thickness of the intermediate metal film 202 formed of 
a metal having a melting point greater than the melting point of Al may be 
lowered than the thickness of the first metal film 203 formed of Al or an Al 

20 alloy. 

Similarly, in the Example, an Al film was used as the first metal film 
203; however, the first metal film may be a metal film comprises a mixture of 
Al and other metal (s). For example, Si or N may be added thereto. Note 
that as the content of Al decreases, the contact resistance tends to increase. 
25 Therefore, Al may be preferably used as a main component. 

Furthermore, an Nb film was used as the second metal film 204. 



However, a metal film comprises at least one metal selected from the group 
consisting of Nb, W, Hf, Fe, Re, Ta and Zr may be used in place of the Nb 
film. 

Also, In the Example, although the thickness of the Al film 203 was set 
5 at 70 nm and the thickness of the Nb film 204 was set at 20 nm; however, 
the thicknesses of the Al film and Nb film may be set as desired. Note that, 
as the thickness of the Nb film reduces, the surface morpholgy of the 
electrode may possibly deteriorate for strength reasons In some cases. To 
reduce such a possibility, the thickness of the Nb film may be set at 1 0 nm or 
10 more. 

In the Example, the composition ratio of Al in the AIGaN film was set 
at 0.3; however It may be set as desired. 

Furthermore, in the Example, the metal films were formed by the 
electron gun deposition method; however they may be stacked by a 
15 sputtering method or the like. 

Moreover, in the Example, the temperature of the heat treatment was 
set at 850°C; however, any temperature may be used as the heat treatment 
temperature as long as it exceeds the melting point of Al. However, as the 
heat treatment temperature increases, the contact resistance tends to 
20 decrease. For this reason, the heat treatment may be performed at SOO'^C or 
more. 

When another metal film is newly stacked after the heat treatment, a 
metal film having a desired metal composition and thickness may be stacked 
in accordance with the purpose. 
25 <Example3> 

Figure 3 is a sectional view showing the structure of an electrode 



provided by this Example. 

The electrode provided by the Example was formed by depositing an 
AIGaN film (composition ratio of Al: 0.3) as the GaN based semiconductor 
film 301 , an Al film (film thickness: 60 nm) as the first metal film 302, an Nb 
5 film (film thickness: 35 nm) as the second metal film 303, and an Au film (film 
thickness: 50 nm) as the third metal film 304 formed of a metal having a 
melting point greater than the melting point of Al by the electron gun 
deposition method, performing patterning by a method such as lift-off, and 
thereafter, treating the resultant structure with heat at 950°C. 

10 In such an electrode structure, since the surface of the Al film is 

covered with the Nb film, an electrode having a contact resistance as low as 
5x10'^ Qcm^ or less can be obtained without reducing a coating ratio of the 
electrode material to the semiconductor film. At the same time, since the Nb 
film is rarely reacted with the Al film at 950°C, an extremely flat electrode 

15 surface can be obtained. It is possible to use an alignment mark for 
detecting a position by an optical sensor. 

Note that, In this Example, the Al film was used as the first metal film; 
however, the first metal film may be a metal film formed of a mixture of Al 
and other metal(s). For example. Si or N may be added thereto. Note that 

20 as the content of Al decreases, the contact resistance tends to increase. 
Therefore, Al may be preferably used as a main component. 

Furthermore, an Nb film was used as the second metal film 303. 
However, a metal film comprises at least one metal selected from the group 
consisting of Nb, W, Fe, Hf, Fe, Re, Ta and Zr may be used in place of the 

25 Nb film. Also in the Example, although the thickness of the first metal film 
302 formed of Al was set at 60 nm and the thickness of the second metal 
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film 303 formed of Nb was set at 35 nm; however, the thicknesses of the Al 
film and Nb film may be set as desired. Note that, as the thickness of the Nb 
film reduces, the surface morpholgy of the electrode may possibly 
deteriorate for strength reasons in some cases. To reduce such a possibility, 
5 the thickness of the Nb film may be set at 1 0 nm or more. 

In the Example, the composition ratio of Al in the AIGaN film was set 
at 0.3; however it may be set as desired. 

Similarly, an Au film of 50 nm thick was used as the third metal film 
304 formed of a metal having a melting point greater than the melting point 
10 of Al. However, the third metal film 304 formed of a metal having a melting 
point greater than the melting point of Al, in nature, does not directly 
contribute to the contact resistance between a semiconductor film and an 
electrode material and to the surface morpholgy. 

For this reason, the third metal film 304 is not particularly required 
15 when the electrode material is not in direct contact with the exterior portion of 
the semiconductor device and the resistance working in a parallel direction of 
the surface of the electrode is not a matter of concern. In view of practical 
use in the semiconductor device, to protect the surface of the Nb film and to 
reduce the resistance working in a parallel direction of the electrode surface, 
20 a metal film comprises at least one metal selected from the group consisting 
of Cu, Ti, V, W, Ta, Re, Mo, Pt, Pd, Rh, Au and Zr may be used. 

In the Example, the metal films were formed by the electron gun 
deposition method; however they may be stacked by a sputtering method or 
the like. 

25 Furthermore, in the Example, the temperature of the heat treatment 

was set at 850''C; however, any temperature may be used as the heat 



treatment temperature as long as it exceeds the melting point of Al. 
However, as the heat treatment temperature Increases, the contact 
resistance tends to decrease. For this reason, the heat treatment may be 
performed at 800°C or more. 
5 When another metal film is newly stacked after the heat treatment, a 

metal film having a desired metal composition and thickness may be stacked 
in accordance with the purpose. 
<Example 4> 

Figure 4 is a sectional view showing the structure of an electrode 

1 0 provided by this Example. 

The electrode provided by the Example was formed by depositing an 
AIGaN film (composition ratio of Al: 0.3) as the GaN based semiconductor 
film 401 , a Ti film (film thickness: 15 nm) as the intermediate metal film 402 
formed of a metal having a melting point greater than the melting point of Al, 

15 an Al film (film thickness: 60 nm) as the first metal film 403, an Nb film (film 
thickness: 35 nm) as the second metal film 404, and an Au film (film 
thickness: 50 nm) as the third metal film 405 comprises a metal having a 
melting point greater than the melting point of Al by the electron gun 
deposition method, performing patterning by a method such as lift-off, and 

2 0 thereafter, treating the resultant structure with heat at SSO^'C. 

In such an electrode structure, since the surface of the Al film is 
covered with the Nb film, an electrode having a contact resistance as low as 
5x10*^ Qcm^ or less was obtained without reducing a coating ratio of the 
electrode material to the semiconductor film. At the same time, since the Nb 

25 film was rarely reacted with the Al film at 850°C, an extremely flat electrode 
surface was obtained. It was possible to use an alignment mark for 
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detecting a position by an optical sensor. 

Figure 6 shows photographs tal<en by an optical microscope showing 
the surface of an electrode provided by the present invention in comparison 
with that of an electrode provided by conventional technology. 
5 The electrode having a Ti/AI/Mo/Au structure according to a 

conventional technology is shown in the left side of Figure 6 where rough 
convexo-concave portions were formed by the heat treatment performed at 
850''C for 30 seconds. On the other hand, the electrode having a 
Ti/AI/Nb/Au structure (second metal film formed of Nb having a melting point 

10 greater than the melting point Al and serving as a metal material hardly 
forming a eutectic alloy with Ai even at a heat treatment temperature equal 
or greater than the melting point of Al) according to this Example is shown in 
the right side of Figure 6 where the flat surface is maintained even by the 
heat treatment performed at 850°C for 30 seconds. 

15 In the semiconductor device having such an electrode, a flat electrode 

surface was formed. Therefore, a fine electrode pattern was manufactured 
with a good controllability, improving characteristics of a semiconductor 
device. 

Note that, in this Example, the Ti film was used as the intermediate 
20 metal film 402 comprises a metal having a melting point greater than the 
melting point of Al; however, a metal film comprises at least one metal 
selected from the group consisting of Ti, Nb, V, W, Ta, Re, Mo, Mn, Ft, Pd, 
Rh, Y and Zr may be used in place of the Nb film. 

Furthermore, the thickness of the Ti film was set at 1 5 nm; however, 
25 the thickness of the intermediate metal film 402 formed of a metal having a 
melting point greater than the melting point of Al may be set at the thickness 
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as desired. However, if a metal capable of reacting with Al during the heat 
treatment is used, Al comprised in the first metal film 403 may be possibly all 
used up in the reaction with the intermediate metal film 402 formed of a 
metal having a melting point greater than the melting point of Al. To reduce 
5 such a possibility, the thickness of the intermediate metal film 402 formed of 
a metal having a melting point greater than the melting point of Al may be 
lowered than the thickness of the first metal film 403 formed of Al or an Al 
alloy. 

In the Example, the composition ratio of Al in the AIGaN film was set 
10 at 0.3; however it may be set as desired. 

Similarly, in this Example, an Al film was used as the first metal film 
403; however, the first metal film may be a metal film formed of a mixture of 
Al and other metal (s). For example, Si or N may be added thereto. Note 
that as the content of Al decreases, the contact resistance tends to increase. 
15 Therefore, Al may be preferably used as a main component. 

Furthermore, an Nb film was used as the second metal film 404. 
However, a metal film comprises at least one metal selected from the group 
consisting of Nb, W, Hf, Fe, Re, Ta and Zr may be used in place of the Nb 
film. 

20 Also in the Example, although the thickness of the first metal film 403 

formed of Al was set at 60 nm and the thickness of the second metal film 
404 formed of Nb was set at 35 nm; however, the thicknesses of the Al film 
and Nb film may be set as desired. Note that, as the thickness of the Nb film 
reduces, the surface morpholgy of the electrode may possibly deteriorate for 

25 strength reasons in some cases. To reduce such a possibility, the thickness 
of the Nb film may be set at 10 nm or more. 
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Also, an Au film of 50 nm thick was used as the third metal film 405 
formed of a metal having a melting point greater than the melting point of Al. 
However, the third metal film 405 formed of a metal having a melting point 
greater than the melting point of Al, in nature, does not directly contribute to 
5 the contact resistance between a semiconductor and a metal and to the 
surface morpholgy. 

For this reason, the third metal film is not particularly required when 
the metal is not in direct contact with the exterior portion of the 
semiconductor device and the resistance working in a parallel direction of the 

10 surface of the electrode is not a matter of concern. In view of practical use in 
the semiconductor device, to protect the surface of the Nb film and to reduce 
the resistance working in a parallel direction of the electrode surface, a metal 
film comprises at least one metal selected from the group consisting of Cu, 
Ti, V, W, Ta, Re, Mo, R, Pd, Rh, Au and Zr may be used. 

15 In the Example, the metal films were formed by the electron gun 

deposition method; however they may be stacked by a sputtering method or 
the like. 

Furthermore, in the Example, the temperature of the heat treatment 
was set at 850''C; however, any temperature may be used as the heat 
20 treatment temperature as long as it exceeds the melting point of Al. 
However, as the heat treatment temperature increases, the contact 
resistance tends to decrease. For this reason, the heat treatment may be 
performed at 800^C or more. 

When another metal film is newly stacked after the heat treatment, a 
25 metal film having a desired metal composition and thickness may be stacked 
in accordance with the purpose. 
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<Example 5> 

Figure 5 is a sectional view showing the structure of an electrode 
provided by this Example. 

The semiconductor device provided by this Example is a field-effect 
5 transistor. 

The field-effect transistor has a structure formed by stacking an AIN 
buffer layer 502 (film thickness: 100 nm), a GaN carrier migration layer 503 
(film thickness: 2 |iim), and an AIGaN carrier supply layer 504 (composition 
ratio of Al: 0.3, film thickness: 30 nm) sequentially in this order on a SIC 
10 substrate 501 by a vapor deposition method using organic materials. On the 
AIGaN carrier supply layer 504, the source electrode 505, the drain electrode 
506 and the gate electrode 507 different in structure from the electrodes are 
provided. 

To form the source electrode 505 and the drain electrode 506, the 
15 AIGaN carrier supply layer 504 is covered with photoresist and the 

photoresist corresponding to a portion at which the source electrode 505 and 
the drain electrode 506 are to be placed; at the same time, a portion to which 
an alignment mark based on which another metal are provided, is exposed 
to light by use of a light exposure device such as a stepper to remove the 
20 photoresist. 

Subsequently, an Mb film (film thickness; 7 nm) as the intermediate 
metal film 402 formed of a metal having a melting point greater than the 
melting point of Al, an Al film (film thickness; 65 nm) as the first metal film 
403, an Nb film (film thickness: 35 nm) as the second metal film 404, and an 
25 Au film (film thickness; 50 nm) as the third metal film 405 having a melting 
point greater than the melting point of Al are sequentially stacked by the 
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electron gun deposition nnethod, and patterning is performed by a method 
such as lift-off, followed by treating with heat at 900'*C to form the source 
electrode 505 and the drain electrode 506. 

In the aforementioned step, an alignment mark for arranging another 
5 metal is simultaneously formed. Thereafter, the resultant structure is 

covered again with a photoresist and exposed to light such as electron beam 
by use of a light-emitting device. In this manner, a predetermined part of 
photoresist corresponding to the portion of the gate electrode 507 is exposed 
to light based on the alignment mark as a reference to remove the 

10 photoresist. 

Subsequently, as the gate electrode 507, for example, an Ni film (film 
thickness; 15 nm) and an Au film (film thickness: 300 nm) are sequentially 
stacked by the electron gun deposition method, and unnecessary metal is 
removed by a method such as lift-off, to form the gate electrode 507. As a 

1 5 result, the field-effect transistor Is obtained. 

In such an electrode structure, since the surface of the Al film is 
covered with the Nb film, an electrode having a contact resistance as low as 
5x10"^ ficm^ or less can be obtained without reducing a coating ratio of the 
electrode material to the semiconductor film. 

20 At the same time, since the Nb film is rarely reacted with the Al film at 

900°C, an extremely flat electrode surface can be obtained. It is possible to 
use an alignment mark for detecting a position by an optical sensor. Since 
the gate electrode can be arranged based on the alignment mark as a 
reference, a fine field-effect transistor having a narrow interval between the 

25 source electrode and the drain electrode can be formed. In addition, since a 
step of forming an alignment mark is not performed, a period required for 



manufacturing a field-effect transistor or the number of steps can be 
reduced. 

Note that, in this Example, the aforementioned structure is shown as 
an example for a crystal structure for use in a field-effect transistor. Any 
crystal structure may be used as the crystal structure for use in a field effect 
transistor in accordance with the purpose. 

Note that, in this Example, the Nb film was used as the intermediate 
metal film 402 comprises a metal having a melting point greater than the 
melting point of Al; however, a metal film comprises at least one metal 
selected from the group consisting of Ti, Nb, V. W, Ta, Re, Mo, Mn, R, Pd, 
Rh, Y and Zr may be used in place of the Nb film. 

Furthermore, the thickness of the Nb film was set at 7 nm; however, 
the thickness of the intermediate metal film 402 comprises a metal having a 
melting point greater than the melting point of Al may be set at the thickness 
as desired. 

In the Example, the composition ratio of Al in the AIGaN film was set 
at 0.3; however it may be set as desired. 

However, If a metal capable of reacting with Al during the heat 
treatment is used, Al contained in the first metal film 403 may be possibly all 
used up In the reaction with the Intermediate metal film 402 formed of a 
metal having a melting point greater than the melting point of Al. To reduce 
such a possibility, the thickness of the intermediate metal film 402 formed of 
a metal having a melting point greater than the melting point of Al may be 
lowered than the thickness of the first metal film 403 formed of Al or an Al 
alloy. 

Similarly, in the Example, an Al film was used as the first metal film 
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403; however, the first metal film 403 may be a metal film formed of a 
mixture of Al and other metal(s) or Si and N may be added thereto. Note 
that as the content of Al decreases, the contact resistance tends to increase. 
Therefore, Al may be preferably used as a main component. 

Furthermore, an Nb film was used as the second metal film 404. 
However, a metal film comprises at least one metal selected from the group 
consisting of Nb, W, Fe, Hf , Re, Ta and Zr may be used in place of the Nb 
film. 

Also in the Example, although the thickness of the first metal film 403 
comprises Al was set at 65 nm and the thickness of the second metal film 

404 comprises Nb was set at 35 nm; however, the thicknesses of the Al film 
and Nb film may be set as desired. Note that, as the thickness of the Nb film 
reduces, the surface morpholgy of the electrode may possibly deteriorate for 
strength reasons in some cases. Therefore, the thickness of the Nb film may 
be set at 10 nm or more. 

Similarly, an Au film of 50 nm thick was used as the third metal film 

405 formed of a metal having a melting point greater than the melting point 
of Al. However, the third metal film 405 formed of a metal having a melting 
point greater than the melting point of Al, in itself, does not directly contribute 
to the contact resistance between a semiconductor and a metal and to the 
surface morpholgy. 

For this reason, the third metal film 405 is not particularly required 
when the metal is not in direct contact with the exterior portion of the 
semiconductor device and the resistance working in a parallel direction of the 
surface of the electrode is not a matter of concern. In view of practical use in 
the semiconductor device, to protect the surface of the Nb filrti and to reduce 
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the resistance working in a parallel direction of the electrode surface, a metal 
film comprises at least one metal selected from the group consisting of Cu, 
Ti, V, W, Ta, Re, Mo, Pt, Pd, Rh, Au and Zr may be used. 

In the Example, the metal films were formed by the electron gun 
5 deposition method; however they may be stacked by a sputtering method or 
the like. 

Furthermore, in the Example, the temperature of the heat treatment 
was set at 850°C; however, any temperature may be used as the heat 
treatment temperature as long as it exceeds the melting point of Al. 

10 However, as the heat treatment temperature increases, the contact 

resistance tends to decrease. For this reason, the heat treatment may be 
performed at equal SOO^'C or more. 

When another metal film is newly stacked after the heat treatment, a 
metal film having a desired metal composition and thickness may be stacked 

15 in accordance with the purpose. 

In the foregoing, the present invention has been described with 
reference to Examples. Those skilled in the art would understand that the 
Examples are provided simply for illustration, and various modifications are 
possible within the scope of the present invention. 

20 In the Examples mentioned above, a field effect transistor was used 

as an example of a semiconductor device. A semiconductor device using a 
Group Hi nitride semiconductor film may be used. Of them, a light emitting 
diode, laser diode, Schottky diode, and bipolar transistor may be used. In 
these semiconductor devices, it has been strongly desired to reduce the 

25 number of manufacturing steps and form a fine pattern formation with a high 
accuracy. Such an effect can be obtained by use of the present invention. 
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